DIBAL-H reduction of a,b-unsaturated ester 3 in the absence of BF 3 · OEt 2 resulted in a mixture comprising allylic alcohol 4 and the reduced alcohol derived from reduction of the carbon-carbon double bond in 4. Asymmetric epoxidation of allylic alcohol 4 according to Sharpless' procedure 42) gave epoxyalcohol 5. The diastereomer of epoxyalcohol 5 was not obtained. Epoxyalcohol 5 was treated with Me 2 CuLi in Et 2 O to give 1,3-diol 6 as the sole product. The high regioselectivity of epoxide-opening methylation was facilitated by steric hindrance due to the dihydrooxazole ring. Given the successful introduction of a C 3 unit at the C-6 position, formation of the lactam was then considered.
Selective oxidation of the primary hydroxy group in 1,3-diol 6 was achieved by treatment with 2,2,6,6-tetramethyl-1-piperodinyloxyl (TEMPO) and NaClO to give the aldehyde. 43) The aldehyde was then oxidized with NaClO 2 to give the carboxylic acid, and subsequent hydrolysis of the dihydrooxazole ring by treatment with 1 M HCl afforded lactam 7. The primary hydroxy group in lactam 7 was oxidized by TEMPO and bis(acetoxy)iodobenzene (BAIB) to give the carboxylic acid, 44) and subsequent esterification of the carboxylic acid by treatment with CH 2 N 2 afforded methyl ester 8. Methanolysis of the benzoate in 8 with K 2 CO 3 in MeOH gave the diol, which was then subjected to acetonization using 25, 32) for the synthesis of lactacystin.
The formal synthesis of lactacystin from chiral building block 1, (R)-4-hydroxymethyl-2-phenyl-4,5-dihydrooxazol-4-ylmethyl acetate, was successfully achieved. Chiral building block 1 can potentially be used in a broad range of applications directed towards the synthesis of biologically active chiral compounds containing a-substituted a-amino acid moieties.
Experimental
General Melting points (mp) were measured using a Yazawa melting point apparatus BY-2 and are uncorrected. Optical rotations were measured using a Jasco P-1030 polarimeter or a Jasco DIP-360 polarimeter. IR spectra were recorded using a Jasco FT-IR/620 spectrometer. UV spectra were recorded using a Jasco V-550 spectrophotometer.
1 H-and 13 C-NMR spectra were recorded on a Bruker DRX-400 spectrometer. Chemical shifts are given on the d (ppm) scale using tetramethylsilane (TMS) as the internal standard (s, singlet; d, doublet; t, triplet; m, multiplet; br, broad). ESI-MS and high resolution ESI-MS (HR-ESI-MS) spectra were obtained using a Micromass LCT spectrometer. Elemental analysis data were obtained using an Elemental Vavio EL. Flash column chromatography was performed using Kanto Chemical Silica Gel 60N (spherical, neutral) 40-50 mm.
( (2S,3S,4R)-3-Hydroxy-2-hydroxymethyl-4-methyl-5-oxopyrrolidin-2-ylmethyl Benzoate (7) To a cold (0°C) solution of diol 6 (691 mg, 1.79 mmol) in acetone (13.1 ml) was added NaHCO 3 (4.82 ml, 2.87 mmol, 5% aqueous solution), KBr (21.3 mg, 179 mmol), TEMPO (28.0 mg, 179 mmol) and NaClO (4.14 ml, 3.23 mmol, 0.78 M aqueous solution). After stirring at 0°C for 30 min, NaHCO 3 (6.00 ml, 5% aqueous solution) was added. The mixture was diluted with AcOEt and then washed with water and saturated aqueous NaCl. The organic layer was dried over MgSO 4 , filtered and concentrated under reduced pressure to give the crude aldehyde, which was used for the next reaction without further purification.
To a cold (0°C) solution of the above crude aldehyde in t BuOH-H 2 O (2 : 1, 27.0 ml) was added NaH 2 PO 4 · 2H 2 O (924 mg, 5.92 mmol), 2-methylbut-2-ene (950 ml, 8.97 mmol) and NaClO 2 (406 mg, 4.49 mmol). After stirring at 0°C for 30 min, Na 2 SO 3 was added. The mixture was diluted with AcOEt and then washed with 1 M HCl, water and saturated aqueous NaCl. The organic layer was dried over MgSO 4 , filtered and concentrated under reduced pressure to give the crude carboxylic acid, which was used for the next reaction without further purification.
To a solution of the above crude carboxylic acid in EtOH (17.9 ml) was added 1 M HCl (5.98 ml). After stirring at 80°C for 1.5 h, the reaction mixture was filtered through filter paper. The filtrate was diluted with AcOEt and then washed with saturated aqueous NaHCO 3 , water and saturated aqueous NaCl. The organic layer was dried over MgSO 4 , filtered and concentrated under reduced pressure. The residue was purified by silica gel column chromatography (hexane : acetoneϭ1 : 2) to give lactam 7 (288 mg, 58% yield, three steps) as a colorless oil: [ 
Methyl (2S,3S,4R)-2-Benzoyloxymethyl-3-hydroxy-4-methyl-5-oxopyrrolidine-2-carboxylate (8)
To a solution of alcohol 7 (33.4 mg, 120 mmol) in H 2 O-CH 2 Cl 2 (2 : 1, 600 ml) was added TEMPO (5.6 mg, 36.0 mmol) and BAIB (116 mg, 360 mmol). After stirring at rt for 10 h the reaction mixture was diluted with AcOEt and then washed with saturated aqueous Na 2 S 2 O 3 , water and saturated aqueous NaCl. The organic layer was dried over Na 2 SO 4 , filtered and concentrated under reduced pressure to give the crude carboxylic acid, which was used for the next reaction without further purification.
To a cold (0°C) solution of the above crude carboxylic acid in THF (1.20 ml) was added a solution of CH 2 N 2 in Et 2 O until the color of the mixture turned yellow. After stirring at 0°C for 5 min, the reaction mixture was warmed to rt, stirred for 50 min and then concentrated under reduced pressure. The residue was purified by silica gel column chromatography (hexane : AcOEtϭ1 : 3) to give methyl ester 8 (24.6 To methyl ester 8 (10.1 mg, 32.9 mmol) was added K 2 CO 3 (0.5 g/l in MeOH, 330 ml). After stirring at rt for 2.5 h, the reaction mixture was diluted with AcOEt and then washed with saturated aqueous NH 4 Cl, water and saturated aqueous NaCl. The organic layer was dried over MgSO 4 , filtered and concentrated under reduced pressure to give the crude diol, which was used for the next reaction without further purification.
To a solution of the above crude diol in acetone (330 ml) was added TsOH · H 2 O (0.6 mg, 3.29 mmol). After stirring at rt for 15 h, the reaction mixture was diluted with AcOEt and then washed with saturated aqueous NaHCO 3 , water and saturated aqueous NaCl. The organic layer was dried over MgSO 4 , filtered and concentrated under reduced pressure. The residue was purified by silica gel column chromatography (hexane : AcOEtϭ1 : 4) to give acetonide 2 25, 32) 
